Vacuolated and nonvacuolated root tissues of Zea mnays were exposed to low water potentials by addition of mannitol or glycerol. Temporary increases were observed for 02 uptake, but CO2 evolution remained steady. This increase in 02 uptake ceased after 15 minutes. Further treatment induced decreases in respiration, with similar reductions in 02 uptake and CO2 evolution. Seedlings were germinated for 2 days on absorbent tissues moistened with deionized water, and grown for another 3 days on gauze with roots in 0.5 mm CaSO4 . On the 5th day roots were excised and exposed to low water potentials, by addition of mannitol or glycerol. When water potentials were increased, the roots were rinsed for 20 min to remove osmotica from the free space.
Addition of osmotica to the solutions surrounding plant tissues induces profound physiological changes, such as decreases in protein and starch synthesis (2, 8) and in solute uptake (5, 6) . The present work centers around respiratory metabolism. It has been reported that addition of osmotica at nonplasmolyzing concentrations increases respiration (3, 12) . However, in most cases respiration remains constant or decreases gradually at moderately low water potentials (4, 5) and strongly at very low water potentials (1, 4, 5, 12, 14) . Upon return to a high water potential, respiration either decreases further, as in potato discs (4) , or returns to the original level, as in Chlorella (5) and beet discs (1) .
The reasons for these differences between tissues, or cells, from various species are unknown. The present experiments compared vacuolated and nonvacuolated tissues, obtained from roots of Zea mays. Responses by these tissues were assessed both during and after treatment with various osmotica. Processes studied included respiration, glucose uptake, and incorporation of 14C from glucose into methanol-insoluble compounds. Supplementary measurements were made on leakage of metabolic intermediates.
METHODS
Experiments with Excised Roots. Z. mays (cv. Emblem), Sorghum vulgare, and Hordeum vulgare were used. Z. mays has a substantial root tip and was, therefore, used in most experiments.
Seedlings were germinated for 2 days on absorbent tissues moistened with deionized water, and grown for another 3 days on gauze with roots in 0.5 mm CaSO4 . On the 5th day roots were excised and exposed to low water potentials, by addition of mannitol or glycerol. When water potentials were increased, the roots were rinsed for 20 min to remove osmotica from the free space.
During the experiments the control (high water potential) solutions contained 16 mm potassium phosphate buffer and 2.5 mM Ca(NO3)2, at a pH of 5.5 and a water potential of -0.8 atm.
The nonvacuolated root segment was the apical 2 mm (13), which had a fresh weight of about 1 mg. Vacuolated tissues were obtained between 20 and 60 mm from the root tip. The fresh weight of a 10-mm long segment was between 8 and 9 mg. Before the experiments the segments were washed for 1 hr at 25 C in 0.5 mM CaSO4, or in the -0.8 atm buffer.
Experiments with Beet Discs. Discs (0.25 by 8 mm) were cut from roots of Beta vulgaris and aerated for 3 days in 40 mm KCI and 5 mm CaCl2 . During the experiments this solution also contained 0.5 mm potassium phosphate at a pH of 5.0, and 50 ,ug/ml streptomycin to avoid bacterial contamination.
Loss of anthocyanins was observed when discs were returned to high water potentials after treatment with mannitol or glycerol. Therefore, possible effects of leaked intermediates on respiration were measured. Discs were first treated for 2 hr with mannitol or glycerol at various water potentials at 2 C. After removal of the osmotica the discs were washed at 2 C by changing the 3 ml of KH2PO4 buffer at six successive 1-hr intervals. After a further 14 to 18 hr the discs were placed in fresh buffer for 1 hr at 25 C. Respiration was then measured in Warburg flasks, each containing 30 discs, with a total fresh weight of 300 mg. In some treatments, washed discs received the compounds which leaked from the tissues during the 21 hr following deplasmolysis. These leachates were obtained from other sets of discs, which were transferred only once to 3 ml of fresh buffer 8 hr after removal of glycerol at -27 atm. The leachate collected at 8 hr and a final one collected at 21 hr were combined, and the washed discs were treated with 3 ml of this solution.
Experimental Techniques. Warburg respirometers were used to measure 02 uptake and CO2 evolution at 25 C, at intervals of 15 to 30 min over a total period of up to 6 hr. Glucose uptake and 14CO2 evolution were also measured, by supplying 4 ml of 0.5 to 20 mm glucose, labeled with "IC, to 10 vacuolated or 20 nonvacuolated segments. After 3 or 4 hr the roots were rinsed for 10 min in 254 buffer solutions at 2 C and then boiled for 20 min in 80% methanol.
In leakage experiments the maize root tissues were treated with 10 mm 14C glucose, at 25 C for 20 min. The response of nonvacuolated tissues was similar to that of vacuolated tissues during treatment at low water potentials (Figs. 2, 3 , and 4). However, the 02 uptake of nonvacuolated tissues recovered within 1 to 1 2 hr after return to high water potentials (Fig. 2B ). CO2 evolution also increased. Respiratory quotients for the first 135 min after mannitol removal were 0.9 and 1.0, respectively, for tissues continuously at -0.8 atm and for those treated previously for 1 hr at -20.8 atm. In both treatments the RQs declined to 0.7 during the final 2 hr of the experiment.
Effects of a range of water potentials were measured both during and after exposure to osmotica . Transient increases in 02 uptake occurred at -10.8 atm and lower water potentials (Fig. 3) . After longer exposure, 02 uptake decreased at water potentials below -5.8 atm (Fig. 4) . Respiration decreased substantially at -15.8 and -20.8 atm (Fig. 4) but did not decrease further between -20.8 and -30.8 atm (Fig. 1A) . Removal of osmotica, at -10.8 atm or lower, from the buffer solutions caused substantial reductions in 02 uptake by vacuolated tissues (Fig. 5 ). In contrast, high 02 uptakes were found for nonvacuolated tissues, despite previous exposure to -40.8 atm (Fig. 5) . Glucose Metabolism. The question arose whether other metabolic processes were affected in a similar manner as endogenous respiration. Glucose metabolism was chosen because the resulting CO2 evolution would indicate whether the changes in endogenous respiration, induced by osmotica, were related to the Embden-Meyerhof-Parnas pathway and tricarboxylic acid cycle. Earlier work on Chlorella showed that osmotica decreased glucose uptake, CO2 evolution derived from glucose, and synthesis of methanol-insoluble compounds (5, 8) . The same processes were studied for the different tissues of maize roots used in the present experiments. It will be shown that the effects of osmotica on glucose metabolism were similar to those described in the previous section for endogenous respiration. It is relevant to these experiments on 14C glucose metabolism that addition of glucose, at concentrations between 0.5 and 50 mm, did not greatly increase respiration during the treatments described earlier.
Treatment of vacuolated segments at various water potentials showed that -15.8 and -20.8 atm increased '4C-glucose uptake and decreased 14CO2 evolution (Fig. 6 ). 14C incorporation into methanol-insoluble compounds was decreased even at rather high water potentials of -3.8 and -5.8 atm (Fig. 6) . Other experiments confirmed these data; however, glucose uptake was sometimes decreased by -20.8 atm (Table I) . Decreases in 14CO2 evolution were of the same order as those for endogenous CO2 evolution (Table I , A and C, and Fig. 1 ). Vacuolated tissues returned to high water potentials, after a 1-hr mannitol treatment at -20.8 atm, had very low rates of glucose uptake, 14CO2 evolution, and '4C incorporation into methanol-insoluble compounds (Table IA) .
Nonvacuolated tissues had a reduced glucose uptake during treatment with mannitol at -20.8 atm (Table IB) . Their 14CO2 evolution was also decreased, but the decrease was less than in the case of endogenous CO2 evolution, if expressed as a percentage of the total 14C uptake (Table IB and Fig. 2 ). Mannitol at -20.8 atm decreased the total amount of 14C incorporation into methanol-insoluble compounds by nonvacuolated tissues, but this decrease was negligible if expressed as a percentage of the total 14C uptake (Table IB) . Moreover, when nonvacuolated tissues were returned to high water potentials, high rates of glucose metabolism were restored (Table IB) .
Endogenous Respiration of Discs from Beta vulgaris. The results for nonvacuolated root tissues were similar to those for Chlorella (5), which has small vacuoles. On the other hand, vacuolated root tissues responded similarly to potato discs (4) . These results suggested a basic difference in response by vacuolated and nonvacuolated cells. However, vacuolated beet discs had high respiration rates after deplasmolysis (1) . It will be shown that this is not an inherent difference between beet discs and other vacuolated tissues but rather is due to leakage of metabolites from the beet discs, inducing high respiration rates.
Treatment with osmotica did not greatly affect 02 uptake (Fig. 7) . Other experiments showed that 02 uptake was depressed immediately after removal of osmotica at -27 and -32 atm, but later on increased again to higher levels. Similar results were obtained by Bennett plasmolyzing solution in contact with the discs. Nevertheless, severe injury was indicated by pronounced leakage of anthocyanins. Perhaps high 02 uptake was restored by the leachate, which remained in contact with the tissues. The discs were therefore washed for 20 to 21 hr after removal of osmotica. Discs, previously treated at low water potentials, had slow rates of 02 uptake (Fig. 7) . Addition of compounds leaked from deplasmolyzed discs restored 02 uptake in deplasmolyzed tissues but also increased 02 uptake of discs continuously treated at -2 atm (Table II) . For deplasmolyzed discs, 02 uptake increased to the level of discs which had been treated continuously at -2 atm, but which had not received the leachate (Table II) . Thus, the same result was obtained as in previous experiments, where discs remained in contact with the deplasmolyzing solutions (1). A similar stimulation of 02 uptake by leaked metabolites was found during incipient plasmolysis of beet discs (12) .
In conclusion, treatment with osmotica induced similar responses in beet discs as in other vacuolated tissues (cf. Figs. 5  and 7) .
Leakage of Metabolic Intermediates from Roots of Z. mays. The results with beet discs suggested that low respiration in deplasmolyzed, vacuolated tissues is associated with loss of metabolic intermediates. For vacuolated and non vacuolated root segments, this possibility was investigated by supplying 14C- In both vacuolated and nonvacuolated tissues the loss of 14C-labeled compounds was rapid for the first 10 min, presumably consisting of diffusion of "4C-glucose from the free space. At -0.8 atm a second phase of slower 14C loss was followed by very slow leakage during a final phase (Fig. 8) . Water potentials were lowered by addition of glycerol, after the 14C label was lost from the free space. Vacuolated tissues treated at -20.8 atm showed an increased 14C loss, during both the second and final phases (Fig. 8) . Leakage of 14C intermediates was extremely rapid on sudden transfer from -20.8 to -0.8 atm (Fig. 8A ). The same treatment had much less effect on 14C loss from nonvacuolated tissues (Fig. 8B) . large differences between these tissues were found following the removal of these osmotica. Deplasmolysis severely suppressed the respiratory metabolism of vacuolated cells of mature root segments and beet discs, as has also been reported for Elodea canadensis (14) and potato discs (4) . In contrast, recovery of nonvacuolated cells of root tips occurred after osmotica were removed, as found earlier for Chlorella (5) . Provided these differences are recognized, single cells may be used to explore metabolic reactions to lowering of water potentials, thus supplying a simple system and avoiding injury due to excision.
Plasmolysis and reductions in turgor both affected cellular (9) . Potentials above -6 atm, i.e., those which would reduce turgor, reduced synthesis of methanol-insoluble compounds but had little effect on respiration. Pronounced effects on respiration were observed only at potentials of -10.8 atm and lower, i.e., when tissues would have been plasmolyzed.
The injury which becomes apparent following deplasmolysis is presumably related to changes in membrane structure. Such changes would be associated with fluctuations in water content and turgor pressure, which are induced! by slowly permeating osmotica. This explanation is supported by the following paper (7) . Metabolism of vacuolated tissues was not appreciably affected when water potentials were lowered and subsequently increased, provided a rapidly permeating osmoticum was used (7) . Injury to membranes is also indicated by the massive leakage of metabolic intermediates from vacuolated tissues.
It is not clear why membranes of nonvacuolated cells show much smaller changes in semipermeability. The severance of contact between the plasmalemma and cell wall may be particularly pronounced in vacuolated cells. Alternatively, structural changes may be more damaging to cells with two main compartments (cytoplasm and vacuole), compared with cells consisting only of cytoplasm and organelles. Future work is required to clarify why meristematic and mature tissues differ in their resistance to water deficits. Such experiments might also contribute to a further understanding of differences in structure between vacuolated and nonvacuolated cells.
The present studies are of intrinsic physiological interest, but they may also help to elucidate responses of plants to water deficits, induced by low matric potentials in soils and by atmospheric dehydration. Short term studies with osmotica are advantageous because they measure immediate responses by isolated tissues and single cells. This approach avoids many problems of work with vascular plants in dry soils, which include the long term nature of the treatments and complications due to stomatal closure, increases in leaf temperature and effects on transport between tissues. Nevertheless, extreme caution is required when extrapolating from short term studies involving plasmolysis to the more gradual development of water deficits, which occurs for plants in dry soil. Thus, in this context, short term studies with osmotica are useful in the formulation of hypotheses, to be tested in much more complex, natural situations.
Decreased respiration in the present studies contradicts reported increases in respiration in certain plants, grown in soils, subjected to a water deficit for long periods (11, 15) . These reported high respiration rates could be due to carbohydrate accumulation, which may in turn be caused by reduced growth during long term water deficits. An alternative explanation is suggested by the high rates of 02 uptake in beet discs provided the discs remain in the deplasmolyzing solutions. Similarly, in intact plants, metabolites leaking from cells would tend to accumulate in cell walls, thus allowing high rates of respiration despite severe injury. Rapid recovery of nonvacuolated, excised tissues is consistent with previously observed responses by wheat seedlings (10) . These plants resumed rapid growth upon rewatering, provided cell division rather than cell extension was the predominant process during a preceding period of desiccation at low relative humidities (10) .
